Basic background and fundamental of the solution plasma process
Solution plasma process (SPP) or liquid-phase plasma is a type of physical method in which plasma is introduced in a liquid matrix through a pair of electrode. Once the plasma is generated, the consequence of liquid molecules' absorbing energy is the creation of excited atomic or molecular species, radicals, as well as UV radiation. 1) These species subsequently act as initiator and intriguing source for the occurrence of chemical reactions. Comparison with gas-phase plasma used widely in industrial fields, we can expect higher reaction rate from the SPP because of the significant higher molecular density of liquid over gas. Furthermore, the process could be operated in an open system, at atmospheric pressure. So that no special chamber system is required. A variety of chemical reactions could be designed by changing the combination of solvents and solutes in the liquid matrix and=or changing the type of electrodes. Alteration of the discharge conditions; e.g., pulse repetition frequency, pulse width, and applied voltage, could also result in variation of the product properties. It has therefore been confirmed as an efficient method and attracted more attention for the synthesis and modification of several classes of materials. For example; metal nanoparticles, [2] [3] [4] [5] [6] [7] carbonaceous materials, [8] [9] [10] carbon-supported metal nanoparticles, [11] [12] [13] and heteroatom-doped carbons. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Apart from that, different nanostructures of metal oxides were synthesized and several kinds of natural polymers were treated. These are reviewed and discussed as follows.
Inorganic nanostructured materials

Mesoporous silica
Mesoporous silica (MSC), a form of silica (SiO 2 ) having pores of mesosize, have been used in diverse applications which porosity and high surface area are required, e.g., supports for immobilizing biomolecules for drug delivery, 25) adsorbents for pollutant adsorption, 26) and templates for preparing mesoporous carbons. 27) To gain mesoporous structure; the synthesis process of MSCs involves the replication of preformed liquid crystal structure of surfactant and polymerization of silicon oxide precursor [e.g., Si(OR) 4 ]. These are followed by the removal of the surfactant template ( Fig. 1) conventionally done by the thermal calcination and the chemical leaching. 28) Both of these processes are time consuming and may give rise to pore size contraction of the MSCs if temperature and chemical concentration, for the thermal calcination and the chemical leaching, respectively; are over the suitable range. [29] [30] [31] In 2010, Pootawang et al. proposed the SPP as an alternative means for this template removal. 32) The polysilicate network of mesostructured hybrid was synthesized via solgel method using tetraethyl orthosilicate (TEOS) as SiO 2 precursor, grown in the ternary surfactant system; consisting of tri-block copolymer EO 20 PO 69 EO 20 (P123), sodium dodecylbenzene sulfonate (SDBS), and 1,1,2,2,3,3,4,4,4-nonafluoro-1-butyl sulfonate (NFBS), as a template in acid solution. Spherical mesoporous silica particles were obtained which were then dispersed in water prior to template removal by the SPP. In this study, concentration of the acid solution (HCl) used to synthesize the mesostructured hybrid network was varied as 1, 2, and 3 M. They found that characteristics of the mesopore structures were dependent on the acidity of this solution. While the ordered two-dimensional (2D) hexagonal structures were observed for the MSC synthesized in 1 M HCl solution, the disordered wormlike mesopore structures were observed in 2 and 3 M solutions. The distinction of the micelle structures formed in varying acidity could be a cause of this variation. It was suggested that this template decomposition occurred via oxidation by hydroxyl (OH1) and oxygen (O1) radicals generated during the discharge. UV radiation was additionally assumed to accelerate this reaction. Effect of two more parameters: (i) pH of the media solution (pH 3, pH 7, and pH 11) and (ii) discharge time (1-15 min) were furthermore studied. 33) Results indicated that both of these parameters affected remarkably on the discharge conditions. Particularly, inclusion of acid (pH 3) and base (pH 11) provided greater intensities of active species than that of at pH 7. Besides, this property values tended to increase with the increase of the discharge time. The highest BET surface area was therefore found in the MSCs discharged in a medium of pH 3 for 15 min. They eventually pointed out that varying the pH of the SPP media could be done instead of adjusting the instrument parameters in order to gain a required process condition.
Utilizing the SPP for the MSC synthesis covers not only for the template removal purpose but also for the one-pot synthesis of ordered hexagonal MSC and the incorporation of nanoparticles. Generation of plasma in a solution containing same chemicals and amount with that of a conventional solgel route led to a remarkable reduction of the synthesis time. 34) With the SPP, processing time could be shorten from 24 h (by conventional route) to 3 min and gain rope-like morphology with well-ordered 2D hexagonal arrangement of the MSC (Fig. 2) . This was done by generating plasma in a solution containing P123 (surfactant template) and TEOS (SiO 2 precursor) in acid solution (HCl). It was found that the mean pore size of the MSC synthesized by the SPP was relatively greater than that of synthesized by the conventional route (∼8 and ∼4 nm, respectively). The one-pot synthesis of silver nanoparticles-embedded MSC (AgNP@SiO 2 ) could also be done by generating plasma in the above mentioned solution with the addition of AgNO 3 as AgNP precursor. 35) The observed pore diameters of the MSCs were also in the range of 8.0-8.3 nm and the embedded AgNPs were spherical with diameters ∼15-20 nm. As a result of their large surface area, catalytic activity of the AgNP@SiO 2 for 4-nitrophenol reduction (k = 3.6 × 10 −2 s −1 ) was found to be higher than that of the high loaded AgNP@SBA-15 (10 wt % AgNP) prepared by chemical method (k = 1.3 × 10 −2 s −1 ). 36) Besides, production yield of the SPP-synthesized sample was 74.4 wt % which was comparable to that of the conventional MSC (i.e., 71.2 wt %).
Manganese oxide
Manganese dioxide (MnO 2 ) is recognized as a versatile inorganic nanostructured material valuable for applications in, such as, catalyst, 37) biosensor, 38) electrochemical supercapacitor, [39] [40] [41] and water treatment. 42, 43) This versatile applicability could be caused by its structural variation. In particular, MnO 2 has several crystallographic structures which differ by the ways its basic structural unit [MnO 6 ] octahedra are linked.
The MnO 2 can therefore be divided into the chain-like tunnel-type (1D: i.e., α-, β-, and γ-MnO 2 ), the sheet=layered-type (2D: i.e., δ-MnO 2 ), and the spinel-type (3D: i.e., λ-MnO 2 ). 44, 45) Recently, the sheet-like structure MnO 2 (δ-MnO 2 or birnessite) was successfully synthesized by the SPP. Kim Fig. 3(a) . This finding indicated that the discharge time was an important feature for the MnO 2 formation in the SPP system. To gain insight into the possible pathways of the MnO 2 formation, they compared aspects of the reaction under different pH conditions, i.e., pH 2, pH 7, and pH 12, representing H-rich, neutral, and H-poor environment, respectively. Results suggested that hydrogen species played a key role for the reduction of MnO 4 − . Finally, the ultrathin MnO 2 sheets, evidenced by images captured using transmission electron microscope (TEM), were supposed to be formed by edge sharing of the MnO 6 octahedral units which subsequently formed layers having K + ions and water molecules inserted in the interlayer region [see Fig. 3(b) ].
Because the colloidal form has several drawbacks including ease in aggregation, difficulty of separation, and low reusability; study was continued to improve the ease of use of the MnO 2 sample. Solid form of the birnessite (δ-type) MnO 2 was synthesized by the SPP using three types of sugar, i.e., glucose, fructose, and sucrose as inducers for the nanoporous MnO 2 formation. 47) Illustration of the experimental flow and chemical structures of the sugars are shown in Figs. 4(a) and 4(b). Results showed that reaction rate, morphology, surface area and porosity of the synthesized hierarchical nanoporous MnO 2 were dependent on the type of sugar. Signification of this research is the obviously short processing time (<20 min) at room temperature and atmospheric pressure which provide nanoporous MnO 2 having comparable to greater specific surface area, as comparing to reported data of the nanoporous MnO 2 having similar crystallographic structure (i.e., birnessite type MnO 2 ). The relevance comparative data are shown in Table I .
As a consequence of their high specific surface area, all synthesized sugar-MnO 2 samples exhibited good capability for the adsorption of cationic dye molecules, i.e., methylene blue. The authors indicated that this adsorption characteristic was due to two important features: (i) negative-charged Apart from MnO 2 , manganese oxide (MnO) nanoparticle was also synthesized and found to be deposited on carbonaceous material by generating plasma in a heterogeneous aqueous solution containing activated carbon (YP-50F, 5-20 µm diameter), MnCl 2 1 4H 2 O, and cetyltrimethylammonium bromide (CTAB, as dispersant).
60) It was found that spherical MnO nanoparticles of sizes 5-10 nm were dispersed uniformly on the surface of YP-50F. The amount of MnO nanoparticles deposited on YP-50F increased with increasing the number of process repetition. Although the increase amount of MnO on the MnO=YP-50F composites led to the reduction of specific surface area, average pore size, and total pore volume of the materials, specific capacitance of them were enhanced. This material was thus aimed for use as a supercapacitor electrode.
Titanium dioxide
Titanium dioxide (TiO 2 ), also called titania, has a very high efficiency in utilizing ultraviolet light owing to its photocatalytic activity. Its ability to decompose a wide range of pollutants; e.g., organic compounds, dyes, metal complexes, and NO x gases, 61) as well as highly versatile production processes, have aroused a broad range of research effort on the synthesis of photocatalytic TiO 2 . However, the photocatalytic efficiency of TiO 2 is diminished by two important properties: (i) its wide bandgap (≈3.0-3.2 eV) which limits its activity in the visible-light region and (ii) its low quantum efficiency, the cause of a massive recombination of photogenerated electron-hole pairs. 62) Most research goals on modified TiO 2 based photocatalysts are accordingly in order to (i) decrease the band gap energy and (ii) inhibit the recombination of the electron-hole pairs. Strategies to overcome these limitations are achieved by modifying TiO 2 by; decorating with metal nanoparticles (e.g., Au, Ag, Pt, Pd, and Zn), [63] [64] [65] [66] doping with non-metal atoms (e.g., N, B, S, and F), [67] [68] [69] [70] and hybridizing with carbon materials (e.g., carbon nanotube). 71) In addition, an important breakthrough found presently is the black TiO 2 nanomaterial -the self-doped Ti 3+ =oxygen vacancy, or H-dope TiO 2 (consequently, abbreviated as H-TiO 2−x ). This hydrogenated black titania was reported to boost the full spectrum sunlight absorption and the photocatalytic activity due to the narrow bandgap of ∼1.5 eV. 62) Recently, the SPP has been reported to be an effective method to synthesize TiO 2 =carbon composites. 72) In this study, tungsten of needle to plane geometry was used as electrodes and were immersed in a Ti-contained sol prepared by dissolving titanium tetraisopropoxide in ethanol. Results indicated that the plasma-induced reactions in this system led to the products of combined TiO x -types and shapes, i.e., spherical nanoparticles of TiO, TiO 2 rutile phases and anatase TiO 2 =carbon composite nanosheets. However, photocatalytic activity of the composites was not investigated.
In the same year, Panomsuwan et al. reported the synthesis of black titania spheres by the SPP.
73) The plasma was generated in liquid water between a pair of Ti electrodes by applying microsecond bipolar high voltage pulses with high frequency. They suggested that once the plasma was generated, the H-TiO 2−x formation was achieved through the following steps: (i) bombardment of Ti electrodes surface with OH − and O 2 − species resulting in an electrode surface oxidation, (ii) creation of numerous local hot spots on the oxidized electrode surface due to the Joule heating effect, (iii) ejection of the molten particles from the electrode surface, and (iv) formation of spherical particles due to the surface tension effect. They hypothesized that, apart from the electrode surface oxidation, the hydrogenation occurred at or near the plasma-liquid interface before ejection of the molten particles. Besides, a dramatic quenching of the molten particles in the liquid phase resulted in the freezing of metastable defects and disordered surfaces (i.e., oxygen vacancies and Ti 3+ sites). The obtained H-TiO 2−x had a large surface area and accessible mesopores. Its band gap was estimated to be ∼2.18 eV, which was considerably narrower than that of a commercial TiO 2 , Aeroxide P25 (i.e., ∼3.02 eV). It was therefore more active than the P25 in the visible-light and infrared regions. Furthermore, its black color indicated that oxygen vacancies and Ti 3+ sites were existed. Photographs of the P25 (white) and the synthesized H-TiO 2−x (black) are shown in Fig. 5(a) . As a consequence of the large accessible surface areas, visiblelight absorptions and defect sites, degradation of methylene blue (MB) dye under visible-light irradiation was promoted with the presence of the H-TiO 2−x [ Fig. 5(b) ].
Via the SPP, the black TiO 2 was also successfully synthesized by another strategy -generating the plasma through tungsten (W) electrodes in an aqueous mixture of titanium bis(aluminium lactate) dihydroxide (TALH, as Ti precursor) and Brij-30 (as growth director). 74) This synthesis route led to formation of the black anatase TiO 2 with leaf-like structure. Results evidenced that no reaction occurred in the absence of plasma and the presence of Brij-30 was important for the ). As an anode material for Al ion batteries, this black TiO 2 exhibited extra high capacity, excellent rate capability, and stable cyclability in 1.0 M Al(NO 3 ) 3 aqueous solution. It was promising electrode for secondary aqueous battery applications with high power and energy densities.
Zinc oxide
Apart from the above mentioned metal oxides, zinc oxide (ZnO) of various morphologies was also successfully synthesized by the SPP. Tong et al. showed that generation of plasma in an aqueous solution containing ZnCl 2 , small amount of KCl, and CO(NH 2 ) 2 provoked the formation of single-crystalline ZnO nanospheres. 75) They pointed out that CO(NH 2 ) 2 played a crucial role in this synthesis, i.e., no ZnO was formed without CO(NH 2 ) 2 . The obtained samples had small size with uniform size distribution (∼17 nm diameter) and showed great optical, photocatalytic, and antibacterial properties as compared to the relevance commercial products.
Saito et al. proposed another strategy, using zinc wire as an electrode (cathode) immersed in a K 2 CO 3 electrolyte solution and electrically melted by a glow discharge at different voltages ranging from 42 to 200 V. 76) Accordingly, the wurtzite ZnO nanoflowers consisting of many nanorods with sizes <100 nm were formed. They hypothesized that the nanoflowers were precipitated from Zn(OH) 4 2− ions produced in aqueous solution during the generation of plasma. However, these nanoflowers were developed under limited conditions, i.e., at some electrolyte concentrations and applied voltages. In the following report, 77) they tried to determine the mechanism of the ZnO nanoflower formation by examining the effects of electrolyte temperature and agitation. These factors were supposed to affect the stability of Zn(OH) 4 2− ions. The overall observations brought the summary of the reaction mechanisms as follow: (i) once the electrolyte temperature was elevated, the Zn electrode was melted and ejected to form spherical Zn particles. Simultaneously, the vaporized Zn was ionized in the plasma to form Zn 2+ and subsequently Zn(OH) 4 2− ions.
(ii)-a. Without agitation, the Zn(OH) 4 2− ions grew on the surface of the presented spherical Zn particles via precipitation, forming ZnO nanoflowers. (ii)-b. With agitation, the heat was released from the system discarding the formation of Zn(OH) 4 2− ions. Metallic Zn particles and amorphous ZnO nanospheres were therefore produced. Schematic illustrations of the formation mechanisms are shown in Fig. 6 .
Generation of plasma through a pair of Zn electrode in water at room temperature and atmospheric pressure could also give rise to formation of ZnO nanoflowers. 78) There, plasma was generated using a high voltage pulse DC power supply with repetition frequency of 10-20 kHz and pulse width of 1-2 µs. It was hypothesized that the oxidation of Zn atoms or nanoclusters, ejected from the Zn electrodes, led to formation of ZnO nanoclusters. Consequently, these nanoclusters acted as nuclei for further growth. Between two faces of the wurtzite ZnO crystal: (i) polar face (001) with high surface energy and (ii) non-polar face (100) with low surface energy, the ZnO nanoclusters preferred to grow along the (001) direction. Growing of the ZnO in this fashion caused the development of flower-like morphology. 79) Due to the ease of experimental set up and efficiency, this strategy was afterward used to synthesize Pt=ZnO=KB composite. 80) The SPP was furthermore used to induce the formation and deposition of ZnO into the bacterial cellulose (BC) matrix for antibacterial applications. 81 To summarize, various nanostructured metal oxides including SiO 2 , MnO 2 , MnO, TiO 2 , and ZnO could be synthesized by the SPP. The synthesis was done mostly in aqueous solution. Alteration of experimental parameters such as precursor chemical, solution pH, electrode type, plasma energy, discharge time, etc. results in formation of metal oxides with different properties. This method is therefore considered a selective synthesis method because unique type, morphology and dimension of the materials could be obtained by controlling the experimental parameters. Examples found in the above described researches are shown in Table II . Note that, the product properties are strongly influenced by the input energy for plasma generation. However, it is difficult to compare this factor because of the variation of power supply and setup of equipment.
Natural polymers
Depolymerization of polysaccharides
There are tremendous researches associated with reducing molecular weight (MW) of polysaccharides to their lowMWs or oligomers because of the unique properties of the small molecules. 82, 83) Three main categories of the depolymerization methods, along with their advantages and drawbacks are shown in Table III .
As a consequence of the advantages of the physical degradation, more attention has been paid for the development on this category of degradation. Among them, the SPP has recently been proposed to be one of the most effective strategy. MWs of chitin=chitosan, sodium alginate, and cellulose were reported to be reduced effectively by the SPP. Their chemical structures are shown in Fig. 7 . Researches on utilizing the SPP for these biopolymers depolymerization are reviewed as follows. 3.1.1 Chitin/chitosan. The SPP was first adopted to reduce MW of shrimp shell (α-type) chitosan by Prasertsung et al. in 2012. 84) In this study, chitosan powder was dissolved in 1 M acetic acid to obtain 1% w=v chitosan solution before the plasma generation. They found that MW of chitosan -Mild reaction conditions -Regioselective cleavage -Slow rate of reaction -Low production yield -Requirement on a step for the separation of enzyme from product
-Fast rate of reaction -Low consumption of chemicals -decreased remarkably at the initial treatment time (∼15-60 min) while the longer treatment time had less effect on the MW reduction. Depending on the plasma treatment time, both low-MW chitosan and chitooligosaccharides (COS) with degree of polymerization (DP) of 2-8 were obtained. Specifically, MW of chitosan was reduced from 2.1 × 10 5 to 3.2 × 10 4 Da within 5 h while its chemical structure was not affected. This research was afterward extended to the β-type chitosan from squid pen. 85) Apart from an additional observed in the crystallinity reduction, similar trend of results were investigated.
In 2014, Pornsunthorntawee et al. reported the depolymerization of chitosan-metal complexes under acidic conditions. 86) Sample preparation was similar to that reported by Prasertsung et al., except, four different types of metal ions, including Ag + , Zn 2+ , Cu 2+ , and Fe 3+ ions, were added in the system. Besides, the acid hydrolysis of an aqueous chitosan solution in 1% w=v acetic acid solution either with or without metal complexation at a reaction temperature of 80°C were studied as control tests. They found that depolymerization of chitosan by the SPP was more effective than by the conventional acid hydrolysis. In addition, enhanced degradation was observed when the chitosan was complexed with metal ions. However, the depolymerization rate depended on the metal ion types, i.e., while the complexation of chitosan with Cu 2+ and Fe 3+ ions strongly promoted the depolymerization rate, the chitosan-Ag + and chitosan-Zn 2+ complexes exhibited no change. They hypothesized that the differences in affinity of chitosan with metal ions caused this observation. In particular, the lowest MW of chitosan was obtained when it was complexed with Cu 2+ , i.e., the MW was reduced from 1.1 × 10 6 to 1.9 × 10 3 Da within 3 h. Furthermore, glucosamine and chitosan oligomers were produced when the SPP was applied in combination with complexation with either Cu 2+ or Fe 3+ ions. Possible phenomenon for the acceleration of chitosan depolymerization through chitosan-metal complexes by the SPP is shown in Fig. 8 . Briefly, the formation of chitosan-metal complex via the interaction of the OH and NH 2 groups on the chitosan chains may lead to weakened bonds near the coordinating site, providing weak points for the depolymerization. 87) Note that, the type of electrode used for the above mentioned SPP-treated chitosan study is tungsten (W) electrode. Study on the chitosan degradation by the SPP with varying electrode types, including tungsten (W), copper (Cu), and iron (Fe), was also done.
88) The β-chitosan dissolved in acetic acid solution was used as a matrix. Results showed that the plasma treatment of chitosan using Fe as electrode and high pulse frequency (30 kHz) provided the highest yield of water-soluble chitosan and promoted the degradation rate. Similar to the former cases, crystallinity of the plasma-treated chitosan was destroyed whereas chemical structure of chitosan was not changed.
Presently, Chokradjaroen et al. introduced the depolymerization of chitosan via the SPP in combination with oxidizing agents. 89) In addition to the chitosan (α-type) in diluted acetic acid solution, a solution of oxidizing agent, including, hydrogen peroxide (H 2 O 2 ), potassium persulfate (K 2 S 2 O 8 ), or sodium nitrite (NaNO 2 ) was poured into the glass reactor before the plasma generation. Results showed that incorporation of small amount (4-60 mM) of these oxidizing agents resulted in a remarkable enhanced degradation and H 2 O 2 was found to be the best choice since the change in chemical structure of the degraded products was not observed. They claimed that the COS having DP up to 9 could be produced with relatively high production yield (∼23% within 1 h) and the obtained COS showed inhibitory effect on the proliferation of HeLa cancer cells. polymer concentration on the SPP processing parameters and the depolymerization efficiency by applying plasma in an aqueous solution of sodium alginate with varying concentrations, i.e., 0.2, 0.5, and 0.9% w=v. 90) By this means, MW of the alginate could be reduced up to eight times (from ∼700 to ∼90 kDa) within 1 h. Furthermore, MW distributions of the obtained low molecular weight alginates (LMALGs) for all concentrations were narrow (PDI ∼1.47-1.51). They found that the higher concentration of the alginate solution was helpful for the generation of plasma, i.e., the break-down voltage was decreased. However, amount of reactive species generated during the SPP was the greatest at the lowest alginate concentration (i.e., 0.2% w=v). The overall findings indicated that the depolymerization of the alginate by the SPP was affected by two important factors: (i) the amount of reactive species generated during the process and (ii) the degree of chain entanglement of the polymers. They furthermore pointed out that the most significant species required for the depolymerization of alginate was the reactive hydrogen species. 3.1.3 Cellulose. It is widely known that cellulose, the most abundance natural polymer in nature, has low solubility because of the inter-and intra-molecular hydrogen bonding links between the polymer chains. Depolymerization of cellulose by the SPP was therefore performed in a heterogeneous reaction. Watthanaphanit et al. studied the conversion of microcrystalline cellulose (MCC) to sugar alcohols (sorbitol and mannitol) by dispersing the MCC powder in water before plasma discharge. 91) Generally, conversion of cellulose to sugar alcohol should be done under H 2 pressure and high temperature. The goal of using the SPP in this study was to initiate self-hydrogenation by reactive hydrogen species generated from the plasma due to dissociation of water molecules -the medium of a solution. By utilizing ruthenium on carbon (Ru=C) as a supported-metal catalyst, cellulose was selectively converted to sorbitol and mannitol at room temperature and atmospheric pressure.
By the SPP, the MCC was furthermore converted to reducing sugars.
92) The MCC powder was suspended in diluted sulfuric acid solution to obtain cellulose colloid in a glass reactor before plasma generation. In this contribution, the temperature of the colloid was kept at 60°C and different type of electrodes including W, Cu, and Fe were used. The acid hydrolysis of cellulose colloid (using sulfuric acid at 60°C) without plasma treatment was additionally conducted as a control experiment. Results showed that the percentage of total reducing sugar (%TRS) was greatly affected by the types of electrodes. Particularly, the highest %TRS was observed in the system having Fe as electrodes and the TRS (%) obtained from this system was ∼4 times greater than that of the acid hydrolysis (i.e., ∼25 and ∼7% at a treatment time of 5 h, respectively). It was found that this was caused by a distinction of the amount of hydroxyl radicals (OH1) generated during the plasma treatment. While the use of both W and Cu electrodes provided low amount of OH1, the amount of OH1 was dramatically enhanced when Fe electrode was used. They finally postulated that the Fe was a suitable electrode for degradation of cellulose by the SPP.
The above mentioned researches signify the distinction of the important species inducing the depolymerization of each biopolymers; while H species (H + or H1) were concluded as the key species for depolymerization of alginate, OH species (OH − or OH1) were significant for the depolymerization of cellulose and chitin=chitosan. We hypothesize that the net electric charge of the solution is the key factor for the required species of these reactions. For sodium alginate, its long chain molecules contain ∼COONa as an ionizable group. Sodium alginate aqueous solution therefore exhibits negative net electric charge (−), owing to the presence of carboxylate anions (∼COO − ). Because of their opposite electric charges (positive, +), H species were the key species for the alginate depolymerization. On the other hand; chitin, chitosan, and cellulose were dissolved in acid solution for the SPP treatment. The solutions were thus plentiful of H + ions which afterwards causing protonation on the polymer chains (e.g., NH 3 + for chitosan). Consequently, OH species which prominently negative (−) were significant for the depolymerization of these polymers.
Crosslink of polypeptide
The treatment of natural polymers by the SPP gives rise not only to the depolymerization but also to the crosslinking. In 2013, Prasertsung et al. reported that treatment of gelatin (see Fig. 9 , chemical structure of gelatin) with the SPP generated crosslinking to the polymer. 93) During the plasma generation, temperature of the gelatin solution was controlled at 22 ± 2°C and small amount of ethanol (<20%) was added in order to enhance the concentration of free radicals. Crosslinking of the gelatin polymer was revealed by the enhanced solution viscosity and gel strength, and the decrease free amino acid contents after a short duration of plasma treatments (5-10 min). Furthermore, a greater increase in viscosity was found when ethanol was added suggesting that more free radicals derived from ethanol could promote the crosslinking of the gelatin solution.
As a polypeptide, thermo-responsive property of gelatin could be the factor leading to its distinct phenomenon (i.e., crosslinking) from that of the polysaccharides (i.e., depolymerization) under exposure to solution plasma. Although the gelatin quality is largely dependent on its molecular properties (which respect to the amino acid composition and the molecular weight distribution); in most case, gelatin is completely soluble in hot water and swells in cold water. 94) Besides, a gel obtained from gelatin is thermo-reversible. The SPP operation is therefore required to be held under temperature control (at low temperature: here is ∼22°C) in order to gain crosslinking. Temperatures above 40°C could also give rise to reduction of the solution viscosity, indicating the gelatin depolymerization. Note that an elevated temperature accelerates the distortion of the gelatin's ordered structure and denaturation. 95) This finding indicates that, by controlling the plasma conditions, the SPP is an alternative green method for the crosslinking of biopolymers. 
Conclusions and future prospects
In this paper, an overview of utilizing the solution plasma process (SPP) for the synthesis=modification of inorganic nanostructured materials and the treatment of natural polymers is given. As a simple green technique, numerous strategies have been done to develop potency of the SPP for the mentioned applications. Variation of experimental parameters gives rise to formation of materials with unique morphologies and fascinating properties. Low cost materials and natural substances could also be changed to high performance products. Though this technique may seem impractical today due to relatively high energy need, new technologies and systems will make it a possible source for many applications in the long term. Based on the present basic research results, we believe that the SPP is an effective technique which can be developed to a practical field and can produce a new industry.
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